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ABSTRACT
The origin of cytoplasmic RNA and ribosomes  was studied in Amoeba proteus by transplanta-
tion  of a radioactive  nucleus  into an  unlabeled  cell followed  by  examination  of the  cyto-
plasm  of  the  recipient  for the  presence  of label.  When  a RNA-labeled  nucleus was  used,
label  appeared  in  the  ribosomes,  ribosomal  RNA,  and  soluble  RNA.  Since  the kinetics  of
appearance  of labeled RNA  indicates that the nucleus  was  not  injured during the transfer,
and since the transferred nuclear pool of labeled  acid-soluble  RNA precursors is inadequate
to account for  the amount of cytoplasmic RNA label,  it is concluded that cytoplasmic  ribo-
somal RNA  is  derived from acid-insoluble  nuclear RNA and  is probably  transported  as an
intact molecule.  Likewise,  cytoplasmic  soluble  RNA  probably  originated  in the  nucleus,
although labeling  by terminal exchange  in  the cytoplasm is also possible.  The  results were
completely  different when  a protein-labeled  nucleus  was  grafted  into an  unlabeled  host.
In this case,  label  was found  only in  soluble proteins  in the  host cell cytoplasm,  and  there
were  no (or very few) radioactive ribosomes. This suggests that the nuclear pool of ribosomal
protein and ribosomal  protein precursors  is relatively  small and perhaps  nonexistent  (and,
furthermore,  shows  that there  was  no cytoplasmic  ribosomal  contamination  of the  trans-
ferred nucleus).
INTRODUCTION
Direct  evidence  for  the  nuclear  origin  of  cyto-
plasmic RNA comes  from nuclear transplantation
experiments  (Goldstein  and  Plaut,  1955;  Gold-
stein,  1963)  that showed radioautographically  that
labeled  material  sensitive  to  ribonuclease  ap-
peared  in  the  cytoplasm  after  implantation  of a
radioactive  nucleus.  This  radioautographic  ap-
proach,  however,  did  not  discriminate  between
the  various  types  of  cytoplasmic  RNA  whose
synthesis and behavior have been extensively studied
since  then  with  a  variety  of  experimental  ap-
proaches.  The  most  convincing  biochemical  ex-
periments  often  have  relied  either  on  genetic
markers  coupled  with  DNA-RNA  hybridizations
(e.g.,  the  anucleolar  mutants  studied  by  Brown
and  Gurdon,  1964  and  Wallace  and  Birnstiel,
1966)  or on  the  analysis  of pulse-chase  kinetics  in
the presence  of inhibitors  for  studying the  origin
of  specific  cytoplasmic  RNA-most  commonly,
ribosomal  RNA (see Perry,  1967 and Girard et al.,
1964).  Yet, because  of uncertainties  about possible
side  effects  of  inhibitors  or  pleiotropic  effects  of
genetic  markers,  these  experiments  are  somewhat
less  direct  than  nuclear  transplantation  experi-
ments  extended  to include  a biochemical  analysis
of the  material  appearing  in  the cytoplasm.  This
paper  describes  the  results  of such  an  approach
which establishes quite clearly,  in  an independent
622manner,  the  nuclear  origin  of  cytoplasmic  ribo-
somal  RNA  and  thus  confirms  the  conclusions  of
the  genetic  and  kinetic  experiments.
In  contrast  to  our  knowledge  of  the  origin  of
ribosomal  RNA,  there  is  as yet  no  good evidence
regarding  the  origin  of  ribosomal  protein.  It  is
difficult to study the site of synthesis of this protein
by  any  kinetic experiment  because  of  the  general
and  rapid  synthesis  and  movement  of many  pro-
teins  in  a  cell.  Nuclear  transplantation  experi-
ments,  on  the  other  hand,  rely  on  a  different
approach  that eliminates  some of these drawbacks
and  thus  can  provide  some  information  relevant
to this problem.  The results of such experiments,  as
described  in  this  paper,  suggest  that  the  nuclear
pool  of ribosomal  protein  and  ribosomal  protein
precursors  is  relatively small  and that synthesis  of
ribosomal proteins may  occur  in the cytoplasm.
MATERIALS  AND  METHODS
Cells and Labeling Procedures
The  organism  used  throughout  this  study was  the
protozoan,  Amoeba  proteus,  originally  isolated  in
Berkeley  and maintained continuously  in this labora-
tory  since  1960.  It  was  cultured  essentially  as  de-
scribed  by  Prescott  and  James  (1955)  and  had  a
usual  generation  time  of  1 1-3  days,  depending  on
the culture conditions.
The  amebae  were  labeled  by  feeding  them  for
several  generations  with  Tetrahymena pyriformis in the
presence  of radioactive  precursors.  The  radioactive
medium  for the  Tetrahymena was  either  2%  proteose
peptone  with  200  250  /Ac 
32P/ml,  or  the  defined
medium  used  by  Goldstein  and  Prescott  (1967),
except  that  200-400  /Mc 3H/ml,  divided  among  four
to  eight amino acids,  was  used  to label protein,  and
200  Mc  3H/ml,  divided among adenine,  uridine,  and
cytidine,  was  used  for  RNA  labeling.  The  isotopes
used  included:  carrier-free 
32po4 (E.  R.  Squibb  &
Sons,  New  York),  adenine-3H,  611  mc/mmole
(NEN),  cytidine-5-3H,  23.8  c/mmole  (NC),  uridine-
5-
3H,  14.3  c/mmole  (NC),  L-arginine-
3 H,  1.05
c/mmole  (NC),  380  mc/mmole  (NC),  L-histidine-
2,5-3H,  38.1  c/mmole  (NC),  11.9  c/mmole  (NC),
L-leucine-H,  5  c/mmole  (NEN),  L-leucine-4,5-3H,
60 c/mmole  (NEN),  L-lysine-4,5-3H,  163  mc/mmole
(NC),  L-proline-3H,  5  c/mmole  (NEN),  L-phenyl-
alanine-3-3H,  57  c/mmole  (NC),  3.94  c/mmole
(NEN),  DL-serine-3H,  4.2  c/mmole  (ICN),  L-thre-
onine-
3H,  2.2  c/mmole  (ICN),  L-tryptophan-3H,  3.8
c/mmole  (NC),  DL-tryptophan-3H,  658  mc/mmole
(Volk)  and  L-tyrosine-3,5-3H,  38.8  c/mmole  (NC).
(NC,  Nuclear-Chicago  Corp.,  Des  Plaines,  Illinois;
NEN,  New  England  Nuclear  Corporation,  Boston,
Massachusetts;  Volk,  Volk Radiochemical  Co.,  Bur-
bank,  California;  and  ICN,  International  Chemical
and  Nuclear  Corporation,  Burbank,  California.)
Nuclear Transfers
Nuclear  transfers  and  enucleations  were  carried
out  by  the  de  Fonbrune  technique  as  described  by
Goldstein  (1964).
Cell Fractionation  and Sucrose
Gradient Analysis of Cytoplasm
The  radioactive  experimental  cells  (usually  50-
100)  were  added  to  1 X  105  unlabeled  cells,  either
fresh  or  lyophilized,  and  then  suspended  in  1-3  X
volume  of  the  standard  buffer  (0.05  M  trietha-
nolamine,  0.01  M KCI,  0.005  M MgAc,  pH  7.8-
designated  as  TEA)  with  0.25  M sucrose.  The  cells
were  homogenized  in  a  hypodermic  syringe  with  a
No. 20 gauge needle through which  they were  forced
five  to ten times.  There were no intact cells  observed
with  a  phase-contrast  microscope  at  this  point,  but
the nuclei appeared intact and "normal." The nuclei,
large  particles,  and  granules  were  removed  by cen-
trifugation  for  10  min  at  500  g  in  a  Sorvall  RC-2
centrifuge;  the supernatant  solution was recentrifuged
at  10,000 g for  10 min  so  as to remove the mitochon-
dria  and  other  structures  of  similar  size.  The  final
supernatant  which  contained  the  ribosomes  (desig-
nated  as  "postmitochondrial  supernatant")  was
layered  onto  a  30-ml  linear  15-30%  (w/v)  sucrose
gradient in the standard  buffer. The entire procedure
was  performed  at 0-4°C. The gradient  was  spun  for
7  hr  at  25,000  rpm  in a  Spinco  Model  L  ultracen-
trifuge with a SW25. I1  rotor at a chamber temperature
of  about  0  5
0C.  The  centrifuge  tubes  were  pierced
through  the bottom  and  the gradients  were  pumped
through  a Gilford  2000  recording  spectrophotometer
and collected in fractions. After the addition of 0.1 mg
of  carrier  bovine  serum albumin,  each  fraction  was
precipitated  with  an  equal  volume  of  cold  20%
trichloroacetic  acid  (TCA),  collected  onto  a  Reeve
Angel  ultrafine  glass  fiber  disk,  and  washed  twice
with 5%  TCA and once  with 95%  ethanol. The  32p
precipitates were air dried,  placed in 5  ml of scintilla-
tion fluid composed  of 4  mg PPO  (2,5-diphenyloxa-
zole)  and  50  mg  POPOP  (p-Bis(2-(5-phenyloxalo-
lyl))-benzene)  per liter  of toluene,  and then  counted
in  a liquid  scintillation  counter. The  H precipitates
were  moistened  with water,  solubilized  overnight  in
NCS  (a  quaternary  amine  solubilizer,  Nuclear-
Chicago  Corp.)  at 45-50
0C,  placed  in  12  ml of the
scintillation  fluid, and  then counted.
In  experiments  with  protein-
3H-labeled  nuclei  it
was  necessary  to  remove  the  nuclei  before  the  cells
were  homogenized,  to  prevent  protein-labeled  ma-
terial  from  leaking  out  of the  nucleus  and  contami-
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cell;  this was not necessary for RNA-3H  experiments.
Isolation and Analysis of RNA
RNA  was  isolated  from  the  postmitochondrial
supernatant  in the  presence  of  0.2  mg/ml Macaloid
(a  ribonuclease  inhibitor  from  National  Lead  Co.,
Houston,  Texas)  and  1%  sodium  dodecyl  sulfate
(SDS).  An  equal  volume  of  buffer-saturated  Merck
liquefied  phenol  was added,  and  the suspension  was
shaken  for  20  min  in  an ice  bath.  The  phases  were
separated  by  centrifugation,  and  the  aqueous  layer
and  interphase  were  reextracted  with  fresh  phenol
for  10 min in ice. The interphase  from this second ex-
traction  was  extracted  at  60°C  for  3  min with  140
volumes  of buffer with  1%  SDS  and  of phenol,  and
the  phenol  layer  was  then  discarded.  A  third,  cold
phenol  extraction  of  the  combined  aqueous  layers
and interphase  was performed,  but only the resulting
aqueous  layer  was  saved.  The  residual  phenol  was
extracted  with  ether, and  the  ether  was removed  by
bubbling  air  through  the  solution.  The  RNA  was
precipitated  for  at  least  20  hr  at  -30  C  with  two
volumes  of alcohol in the presence  of 0.1  M NaCI and
0.035  M EDTA.  As  determined  from the  RNA  con-
tent  and  radioactivity,  this  extraction  scheme  is  at
least  85-90%  efficient.
The RNA was collected by centrifugation at 11,000
g for  1 hr  at 2°C in  a Sorvall  RC-2 centrifuge,  and
was  redissolved  in  1  ml  of  Gilbert's  buffer  (0.10  M
NaCl,  0.57  SDS,  0.05  M Tris-HCI,  pH  7.4),  after
which  it was made  0.01  M  in EDTA.  The RNA  solu-
tion was layered onto a linear  15  30%  (w/v) gradient
in this  buffer, and  spun for  13  hr at 25,000 rpm in a
SW25.1  rotor  in  a  Spinco  Model  L  ultracentrifuge
with the refrigeration setting at +48°F  (about 20
0C).
The  gradient  was  then  collected  and  analyzed  as
described  above.
RESULTS
Cytoplasmic RNA
For analyzing the types of RNA transferred from
the nucleus to the cytoplasm,  RNA-labeled  nuclei
were  transplanted  into unlabeled  cells  and  12-28
hr  later  the  cytoplasmic  RNA  was  extracted  as
described  above.  Fig.  I  shows  the  results  of  a
typical experiment.  Radioactivity  is present  in the
two ribosomal RNA components and in the soluble
RNA  at  the  top  of  the  gradient  in  the  pattern
characteristic  of  the  cytoplasmic  RNA  of  the
donor  cell  population  (Fig.  I  (a)).  As  also  illus-
trated  in  Fig.  1,  essentially  all  of  the label  is  in
RNA  since  the radioactivity  is  unprecipitable  by
TCA  after treatment with alkali.
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FIGURE  1  RNA  found  in  host  cell  cytoplasm  after
implantation  of  a  RNA-3H-labeled  nucleus.  (a)  RNA
from the  cytoplasm  of  100  cells  from  donor population
was extracted  in  the presence  of  10
5 unlabeled  carrier
cells and  analyzed as described  in Materials and Meth-
ods.  (b)  RNA  was extracted  from the cytoplasm  of 106
host cells  into  which  RNA-3H-labeled  nuclei  had  been
transferred 12-28 hr  previously.  Again,10
5 carrier  cells
were used.  · · Untreated  with  KOH,  but  subjected
to precipitation with  10%  TCA  and  filtration  of  the
sucrose  gradient  fractions.  A  A  Treated  with  0.3 N
K(OH  for 18 hr at 37°C  before  precipitation.
In  this and  every  other  figure  (except  Fig.  3),  the
optical  density  (solid line)  is shown for  only one  of the
pairs  of graphs since the same number of cells  was used
in each and since the optical  density  curves  were iden-
tical.  The  vertical  bars on several  of  the points  on the
curve  for radioactivity,  in  this and  every  other figure,
represent  the  typical  maximal  range  of  repetitive  10-
min  counts  (four  to  six  times)  for  each  fraction.
The steady-state distribution of the labeled RNA
in  the  donor  nucleus  at  the  time  of  transfer  is
shown  in  Fig.  2.  The  two  major  peaks  of radio-
activity are  at 40-45S and  32-35S,  and the entire
profile  resembles  the  nuclear  RNA  profile  from
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FIGURE  2  Steady-state  nuclear  RNA.  90  RNA-3H-
labeled  nuclei  were transferred into unlabeled host cells
and  frozen  immediately  after  the  transfer.  The  RNA
was  extracted  with the use  of several  modifications  of
the scheme described in the Materials and Methods: the
entire  cell was  extracted after sonication at 2°C so  as to
disrupt  the  cell,  after the  third phenol  extraction,  the
aqueous  layer  was  extracted  three  times  with chloro-
form-isoamyl  alcohol  (Penman,  1966),  and  the  RNA
after ethanol precipitation was treated with  10 pg/ml of
electrophoretically  purified  deoxyribonuclease  (Worth-
ington  Chemical  Co.,  Freehold,  N.  J.)  for  5  min  at
4°C,  and  then  reextracted  once  with  SDS-phenol-
isoamyl  alcohol  before  reprecipitation  with  alcohol.
7  X  104  frozen  carrier  cells  were  used.  See  legend  to
Fig.  1 for further  details.
salamander  oocytes  (Gall,  1966)  and  HeLa  cells
(Penman,  1966).  These  two  peaks probably  cor-
respond  to the  two main  forms of precursor  ribo-
somal RNA found  in a wide  variety of eukaryotic
organisms  (see  Perry,  1967).  As  in  the  nuclei  of
oocytes and HeLa  cells,  the amount of label in the
19S  (small  ribosomal  RNA)  region  is  much  re-
duced  in  comparison  to  the  amount  in  the  30S
region.  It  remains  to  be  determined,  however,
whether this RNA is actually  19S  ribosomal RNA,
is  part  of  the  heterogeneous  RNA  described  in
various  cells  (see  Warner  and  Soeiro,  1968),  or
represents  fragments  due  to  incomplete  synthesis
or degradation during  isolation.
The  rate  at  which  labeled  RNA  entered  the
cytoplasm from  the nucleus was studied  by deter-
mining  the  amount  of  cold  TCA-insoluble  and
ribonuclease-digestible  material  (RNA)  in  the
nucleus  and cytoplasm  at different  times after the
initial  implantation  of a 
2P-labeled  nucleus.  The
results,  expressed  as  the  percentage  of the  total
(nuclear  plus cytoplasmic)  RNA-32P  that is  in the
cytoplasm,  are  presented  in  Fig.  3.  The  curve
shows  that  after  a  32P-labeled  nucleus  was  trans-
ferred  into  an  unlabeled  enucleated  host  cell,
much  of  the  label  appeared  very  quickly  in  the
cytoplasm (approximately  50% by 4  hr),  and that
the rate of movement from the nucleus  continually
decreased;  in  the  next  20  hr,  only  another  30%
had entered  the cytoplasm.  In contrast, over  90%
of the  acid-soluble  32P-material  appeared  in  the
cytoplasm within 2 hr. These kinetic results clearly
show  that the  nucleus  is  not injured  during  the
transfer  procedure;  if the  nucleus  had  been dam-
aged  so that the nuclear membrane was no longer
a  functional  barrier  between  the  nucleus  and
cytoplasm,  almost all of the high molecular weight
RNA  which  was  not  bound  to  large  structures
should  have  been  in the  cytoplasm  within  2  hr;
however,  only  about  30%  of the  high molecular
weight  RNA  was  in  the  cytoplasm.  Likewise,  if
the nucleus  has been  temporarily damaged  by the
transfer  or  the exposure to  a  new cytoplasm,  one
might  expect  to  find  a  lag  in  the  appearance  of
label  in the cytoplasm.  No  such lag was observed.
(Furthermore,  the  possibility  of micromanipula-
tion-induced  turnover  of  nuclear  proteins,  which
has  relevance  to later  sections,  is excluded  by  the
studies of Byers et al. [1963].  Those authors showed
that radioactive  label  in  specific  nuclear  proteins
remained  associated in the same  proteins following
extensive  micromanipulations-including  the kind
described in this paper.)
Because  cytoplasmic  "messenger  RNA"  pre-
sumably makes up only a very small proportion of
the  total cytoplasmic  RNA  and because  the post-
transfer  incubation times were  relatively long,  it is
not  surprising  that  only  ribosomal  and  soluble
RNA  were  detected  in  the  cytoplasm  in  the
experiments  reported  here.  Likewise,  in  these
RNA  experiments and  the protein experiments to
be described  below,  little consideration  is  given to
the  material  that  remained  at  the  top  of  the
gradients  because  interpretation  of the  presence
of label in these regions is difficult and the meaning
is  likely to  be  ambiguous.  Thus, for example,  the
appearance  of labeled  soluble  RNA  in  the  cyto-
plasm  after  implantation  of a  labeled  nucleus  is
probably  indicative  of  a  nuclear  origin  of  the
complete  RNA  molecule,  but  it  is  difficult  to
determine  the  contribution  due  to  terminal  ex-
change  of label in the cytoplasm.
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FIGURE 3  Kinetics  of RNA movement  into the cytoplasm.  32P-labeled  nuclei were transferred  into enu-
cleated,  unlabeled host cells for given lengths  of time, then transferred  into a  second unlabeled  cell. Both
the enucleated  host  No.  1 and the host  No.  with the  labeled  nucleus  were  fixed  onto  gelatin-subbed
glass coverslips  with absolute alcohol,  air dried, counted  in a low  background  gas-flow counter, extracted
3 X with cold 5% TCA, extracted  1 X with 70%  ethanol, counted again in the low  background counter,
treated with 0.13 mg/ml ribonuclease  for 2 hr at 370C, extracted 3 X with cold  5% TCA, extracted  1 X
with 70% ethanol, and counted again. RNA is defined as the cold TCA-insoluble, but ribonuclease-digest-
ible,  counts.  Host cell No.  1 contained the material  that had left the  nucleus; the  remaining  nuclear ma-
terial was in host cell No. 2. The  curve was drawn by eye.  0,  A,  0 represent three different experiments
with two different  populations  of donor  cells. Both donors  and hosts  were well  fed.
Cytoplasmic Particles
If cytoplasmic  particles,  rather  than  RNA,  are
examined after transfer of an RNA-labeled  nucleus
into  an  unlabeled  cell  for  14-24  hr,  results  are
obtained  as shown  in Fig.  4  (b).  The radioactivity
of the RNA was present  in the ribosomal  particles
and  in  the  material  near  the  top  of the  gradient
where  free  4-5S  RNA  (soluble  RNA)  would
sediment.  The  pattern  of radioactivity  in the host
cytoplasm was essentially identical with that found
in  the cytoplasm of cells from the  same population
as the labeled donor cells  (Fig. 4 (a)). In addition,
the  proportion  of  labeled  soluble  RNA  to  the
labeled  particles  in  this  experiment  is  about  the
same  as the  proportion of the labeled  soluble RNA
to the ribosomal RNA in the experiment  shown in
Fig.  1. Removal  of the  implanted  nucleus  before
the  cells  were  homogenized  did  not  alter  the
pattern  in  the  cytoplasm,  indicating  that  the
appearance  of  this  labeled  material  was  not  an
artifact resulting  from material  leaking  out of the
nucleus  during  or  after  homogenization  of  the
cell.
The kinetics  of the appearance  of RNA-labeled
cytoplasmic  particles  after  the  implantation  of a
nucleus  was  studied  and  found  to  be  similar  to
the  kinetics  for  RNA  described  above,  although
technical  difficulties  permitted  only  two  time
periods  to  be  analyzed:  0  to 4-5 hr  ("short")  and
4-5  to  17-29  hr  ("long").  This  was  done  by
transferring nuclei from cells labeled with RNA-3H
into unlabeled  enucleated  cells (host  cells  No.  1),
transferring  the same  nuclei  into other  unlabeled
enucleated  cells 4-5 hr later (host cells No.  2),  and
then examining the cytoplasms  of host cells Nos.  I
and  2  13-24  hr later.  Host  cells  No.  1 had  the
material  emerging  from  the  nucleus  during  the
"short"  time period, while host cells No.  2 had the
material  emerging from  the  same  nucleus  during
the  "long"  time period.  The  results  illustrated  in
Fig.  5  show  that  the  label  passing  into  the  cyto-
plasm during these two time periods  is found in the
same  components  (the  ribosomes,  subunits,  and
soluble  RNA)  and  in  the  same  relative  propor-
tions.  In  addition,  the  amount  of  label  moving
into the cytoplasm from the labeled nuclei  was in
accord with  that expected  from  the kinetic  curve
of Fig.  3.  In  Fig.  3,  the  ratio  of the  amount  of
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was  essentially  identical  with  that shown  in  Fig.
6  (c)  (which,  however,  is  taken  from  a  different
experiment).  The  only  labeled  protein  that  ap-
peared  in  the  cytoplasm  of the  host  cells  in  any
abundance  was  in  material  less  than  20S  as
determined  by  its position in  the sucrose  gradient
with reference  to the ribosomal peaks.  No peak  of
radioactivity was found in the ribosomal regions of
the  gradients,  and what little activity  was  present
in the gradient below the 20S  region seemed to be
uniformly  distributed  through  the  gradient.  This
result,  obtained in  four experiments,  suggests  that
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FIGURE  4 
32P-labeled cytoplasmic particles from trans-
ferred  nuclei.  (a) 
32P-labeled  cytoplasmic particles  from
150 cells  from  donor  population.  10
a carrier  cells  were
used.  (b)  Labeled  cytoplasmic  particles  from  77  host
cells  from which  the  radioactive  nuclei were  removed
13-24 hr after the original transfer. Donors were well fed
and hosts were  fasted for  1-2 days.  105 carrier cells were
used  (fresh).  See  legend  to  Fig.  1 for  further  details.
labeled RNA that appeared  in the cytoplasm from
0-5 hr to the amount that  appeared from 5-23  hr
is  about  2.4/1;  the  corresponding  ratio  of  the
counts of the short  and long periods in the experi-
ment of Fig. 5  is about 2.8/1.
Experiments with Labeled Protein
When  the  transferred  nuclei  contained  labeled
protein  rather than labeled  RNA, different results
were  obtained.  Thus,  a  kinetic  experiment  that
was  analogous  to  the  RNA  experiment  shown  in
Fig.  5,  but  which  analyzed  the  movement  of
material  containing  labeled protein,  gave  the  re-
sults shown  in Fig.  6.  The distribution  of protein-
labeled  particles  in  the  cytoplasm  of donor  cells
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FIGURE  5  Kinetics  of  RNA-
3H-labeled  particles
appearing  in  the  cytoplasm.  RNA-3H-labeled  nuclei
were implanted into enucleated host cells (No.1) for  4-5
hr, then transferred into unlabeled  host cells (No. 2) for
an additional  12-24 hr. After the removal of the labeled
nuclei,  the  host cells  No.  1 were  implanted  with  un-
labeled nuclei  to keep  them  healthy.  Both donors  and
hosts were  well fed.  (a) Host  cells No. 1= "short,"  i.e.,
4-5  hr  (54  cells).  (b)  Host  cells  No.  2="long,"  i.e.,
4-5 to  17-29  hr  (54  cells).  105  lyophilized  carrier cells
were  used  in  each  case,  and the cytoplasmic  particles
were  analyzed  as described  in  Materials  and  Methods.
See legend  to  Fig.  1 for further  details.
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FIGURE 6  Kinetics  of protein-labeled particles  appear-
ing in the cytoplasm.  Exactly the same as Fig. 4, except
a  that  protein-3H-labeled  nuclei were  used and,  for  20  of
the  49  cells  of each type, there  was an additional  24-hr
incubation  at  3-4°C  after  the  second  transfer.  105
lyophilized  carrier  cells  were  used.  (a) Host  cells No.  1
= "short,"  i.e., labeled  nuclei in host cytoplasm for 4-5
hr. (b)  Host cells No. 2  =  "long,"  i.e.,  labeled nuclei  in
host cytoplasm  for  more  than  4-5  hr.  (c)  Cytoplasmic
protein-labeled  particles  from  cells  labeled  with  pro-
tein-3H.  See legend to Fig.  1 for further details.
the  nucleus  has a relatively  small  (or nonexistent)
pool  of ribosomal  protein  and  ribosomal  protein
precursors,  whether  as  free  protein  or  as  part  of
precursor  ribosomes.  On  the  other  hand,  this
result  may  mean  that  equal  numbers  of  RNA-
and  protein-labeled  ribosomes  entered  the  cyto-
plasm, but that the specific activity  of the protein-
labeled  ribosomes  is so  low that their radioactivity
is not above  the background  level.
This latter  possibility  seems  unlikely,  however,
since our calculations suggest that the difference  in
labeling pattern is not the result  of a difference  in
RNA  and protein  specific  activities.  Because  un-
labeled  carrier  cells  were  added  to  the  experi-
mental  cells,  there  is  no  direct  measure  of  the
relative  specific  activities  of the  ribosomes  labeled
with  RNA  and  with  protein.  However,  the  ratio
of  radioactivity  of  the  ribosomes  of  the  RNA-
labeled  donor  cells  to that of the ribosomes  of the
protein-labeled  donor  cells  is  a  measure  of  the
relative  specific activity  of the ribosomes-making
the reasonable  assumption  that there are  approxi-
mately equal numbers of ribosomes per  cell. Thus,
if  there  is  a  difference  between  this  ratio  deter-
mined for  the  donor cells  ("donor ratio")  and the
similar ratio for the host cells  after implantation  of
a labeled nucleus  ("transfer ratio"),  it must reflect
differences  in  the  amount  of ribosomal  RNA-3H
and protein-3H  and their  precursors in  the nuclei
at the  time  of the  transfers.  Table  I  shows  these
ratios  for  various  combinations  of two  RNA  ex-
periments and two protein experiments calculated
in two ways:  (1) using the sum of the radioactivity
of the six  fractions  making up the majority  of the
ribosome  peak  as an  approximation to  the  area of
the peak  of labeled  ribosomes,  and  (2) using  the
maximum  peak  activity  as  a  measure  of  the
amount  of ribosomal  material. In each of the four
analytical  combinations  with  either  method  of
calculating  the  ratios,  the  transfer  ratios  are
significantly  higher  than  the donor  ratios,  which
implies that the nuclear  pool of material precursor
to  cytoplasmic  ribosomal  protein is much  smaller
than  the  corresponding  nuclear  pool  of material
precursor  to cytoplasmic ribosomal  RNA. For  ex-
ample,  in  the  first line  of Table  I  the figure  for
Mean  Donor  Ratios means an equivalent amount
of ribosomes  was  2.4 times  more  radioative  if it
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Estimations of Relative Specific Activities of Labeled Ribosomes (RNA/Protein) in Donor
Cell  Cytoplasm  ("Donor Ratio")  and  in  Host  Cell  Cytoplasm  ("Transfer Ratio")
Following Transfer of  Labeled Nuclei into  Unlabeled Cells
(See  text for  further details.)
Ratio calculated  from  area of ribosome  peak
Experiments  compared
RNA  Protein  Mean  Transfer  Ratio*  Mean  Donor  Ratio*
#96 vs.  #91  11.6  (6.2-53.1)  2.4  (2.3-2.5)
#96 vs.  #101  3.9  (1.9-249.7)  1.2  (1.1-1.3)
#99  vs.  #91  22.9  (11.6-110.0)  4.5  (4.4-4.6)
#99  vs.  /#101  9.3  (4.8-49.8)  3.4  (3.4-3.5)
Ratio calculated  from  maximum  peak activity
#96  vs.  #91  23.5  (13.9-66.0)  2.9  (2.7-3.0)
#96 vs.  #  101  12.3  (4.2-oe)  1.4  (1.4-1.5)
#99  vs.  #91  42.9  (24.7-123.6)  5.0  (4.5-6.0)
#99 vs.  #/101  11.8  (6.3-58.4)  4.3  (4.1-4.4)
* Figures  in  parentheses  give  range  in ratios at  the 95%  confidence  levels,  calculated
using  standard  deviations  (Student's  t  test  tables)  and  calculated  for  both  the  in-
dividual fractions  and  the background  using  repetitive  10-min  counts.
Experiment  99 is  shown  in Fig.  5;  /#101 in Fig.  6.
came from RNA-3H cells  (experiment No. 96) than
if it came from  protein-3H  cells  (experiment  No.
91).  On  the other hand,  examination of the cyto-
plasmic  ribosomes of the host cells after  implanta-
tion of radioactive  nuclei  (Mean  Transfer Ratio)
shows that those  ribosomes from RNA-3H  experi-
ments were  11.6 times  more radioactive  than  the
equivalent material  from protein-3H  cells.
It is not possible  to calculate the precise relative
size  of the  pools because  accurate  determination
of the transfer ratios is difficult due to the relatively
low  amount  of RNA-3H  radioactivity  and  to  the
fact that the radioactivity  in the ribosomal regions
of the gradients in the protein-3H experiments  was,
at best, only slightly above background. Moreover,
we  believe  that the protein-3H  radioactivity  prob-
ably represents "noise"  and not ribosomal protein,
for  the following  reasons:  (1)  this  radioactivity  is
not  localized  to  the  ribosomal  region  but  is
uniformly  distributed  throughout  the  gradient,
suggesting that it might be due partly to contami-
nation occurring during the processing and analy-
sis  of the  postmitochondrial  supernatant;  (2)  nu-
clear proteins  such  as  described by  Goldstein  and
Prescott  (1967)  are  present  in  the  cytoplasm  and
could  easily  become  nonspecifically  bound  to
particulate  components  either  in  vivo  or  after
homogenization  of the  cell  (as  we have  found  in
other  experiments  in  which  radioactively  labeled
material  was  mixed  with  density-labeled  ma-
terial);  and  (3)  some  turnover  of amino  acids-3H
probably occurs  and probably results in incorpora-
tion  into  macromolecules  that  appear  in  the
various regions  of the  gradients.  The net effect of
these factors is to make the transfer ratios minimal
ratios,  i.e.,  to overestimate  the  size  of the nuclear
pool of ribosomal protein.
It may  be  argued  that  the  size  of  the nuclear
ribosomal-3H  pool may  not be  so high  as the data
indicate  since  it  is  possible  that  other  labeled
nuclear  RNAs,  such  as  messenger  RNA  and
"heterogeneously  sedimenting"  RNA,  may  be
turning over  and providing  precursors  for further
ribosomal  RNA  synthesis  after  the  nuclear  trans-
plantation.  This possibility  seems  remote,  for two
reasons.  Goldstein  and  Plaut  (1955)  showed,  in
nuclear  transfer  experiments,  that  if  turnover
products  did  become  available  following  transfer
of nuclei,  the  products  were  not  utilized  to  any
significant extent for nuclear RNA synthesis. More
impressive  are the  data from  some  of the  experi-
ments reported here.  If we employ the calculations
for Mean Transfer  Ratios of Table I  for  the  long
and  short  parts  of the  experiments  illustrated  in
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the short interval  than for the  long interval.  If the
turnover  of  labeled  nonribosomal  RNA  were  re-
sponsible  for  the observed  pool  of ribosomal  RNA
being  relatively  larger  than the  ribosomal  protein
pool  in the  nucleus,  the  data for  the  long  interval
(representing more time for RNA turnover)  should
have  given  a  larger Transfer  Ratio than  the data
for the short interval.
Since  no  ribosomal  proteins  are  detectable,
these  experiments  with  protein-labeled  nuclei
also  provide  strong  evidence  that  the  transferred
nuclei  were uncontaminated  with donor cell  cyto-
plasm  and  that  the  RNA  of  the  RNA-labeled
ribosomes  found  in  the  host  cytoplasm  actually
came  from  the  nucleus.  This  conclusion  is  sup-
ported by light microscope  radioautographs  which
show  that  immediately  after  transfer  of a  labeled
nucleus  all  the  radioactivity  is  confined  to  the
nucleus  (Goldstein  and  Plaut,  1955;  Goldstein,
unpublished data).
DISCUSSION
Nuclear Origin of Ribosomal RNA
Since,  as  discussed  above,  the  possibilities  of
cytoplasmic  contamination  and  nuclear  injury  as
sources  of error  are  negligible,  we  conclude  that
the experiments  in which labeled  RNA and  ribo-
somes appeared  in the  cytoplasm after the transfer
of an RNA-labeled  nucleus  into an unlabeled  cell
show that  cytoplasmic  ribosomal  RNA  originates
in  the nucleus.  These  experiments  thus provide  a
direct  and  independent  confirmation  of the  con-
clusions reached  in the less  direct experiments  (see
Perry,  1967).  The  inhibitor  and  kinetic  experi-
ments  with  mammalian  tissue  culture  cells  have
provided detailed  information  about  the  synthesis
and  maturation  of  ribosomal  RNA,  yet  the  con-
clusions  from  these  experiments  relevant  to  the
problem  of  the  origin  of  cytoplasmic  RNA  are
weakened  by the possibility of inhibitor side effects
and/or ineffectualness  of the attempted chase.  The
nuclear  transplantation  approach  avoids  these
particular  uncertainties,  although it  does  not pro-
vide  as  much  information  about  the  possible
scheme  of ribosomal  RNA maturation  as  do these
other  experiments.  Nevertheless,  since  Amoeba pro-
teus closely resembles  higher organisms  in terms  of
its  ribosomes,  ribosomal  RNA,  and  nuclear  pre-
cursor  ribosomal  RNA,  very  likely  its  scheme  of
ribosomal  RNA maturation  is  also similar.
It might be argued  that, in those experiments  in
which radioactive RNA appeared in the cytoplasm
after  labeled  nuclei  were  transplanted  into  un-
labeled cells,  the RNA had been synthesized in the
cytoplasm  from  labeled  acid-soluble  precursors
carried within the transplanted nucleus.  There is a
variety  of experimental  evidence,  however,  which
suggests that the nuclear pool of acid-soluble  RNA
precursors cannot  be  a significant direct  source  of
labeled  cytoplasmic  ribosomal  RNA.  On the one
hand,  the  size  of the nuclear pool  is inadequate to
account  for the  amount  of radioactivity  found  in
the cytoplasm  after transfer. And on the other, the
kinetic  experiments described  in the Results (Figs.
3  and  4)  clearly  show  that  the  nuclear  pool  is
unlikely to be the immediate  source of cytoplasmic
RNA.  Within  2  hr  of  the  initial  transfer  of  a
labeled  nucleus,  over  90%  of  the  labeled  acid-
soluble  pool  had  left  the  nucleus,  yet RNA  con-
tinued to enter the cytoplasm; and, when the same
nucleus  (now  essentially  devoid  of labeled  pool)
was retransplanted  into a  second  unlabeled  cell,  a
substantial number of labeled  ribosomes continued
to  appear  in  the  cytoplasm  of  this  second  host
cell.
In addition,  the  kinetic  curve  (Fig.  3) does not
exhibit  any  lag  in the  appearance  of RNA  in  the
cytoplasm  which  would  be  expected  if  the  im-
planted  nucleus  had  simply  provided  the  cyto-
plasm  with  precursors  with  which  to  synthesize
RNA.  In the usual  pulse-chase  experiments,  when
amebae  are  given  labeled  RNA  precursors,  there
is  a  lag  of 2-3  hr from  the time  of appearance  of
label  in the nucleus  until  the  time  of appearance
of  labeled  RNA  in  the  cytoplasm  (Goldstein,
unpublished  data).  This  lag  observed  in  in  vivo
experiments  sometimes  has  been  interpreted  (see
Harris,  1963)  to  reflect  a difference  in  the rate  of
independent  RNA  synthesis  in the  nucleus  and in
the  cytoplasm.  Since  no  lag  comparable  to  that
seen  in  in  vivo or  biochemical  experiments  is  ob-
served  in  these  experiments  after  implantation  of
a  labeled  nucleus,  one  must  conclude  that  the
radioactivity  in  cytoplasmic  RNA  is  not  due  to
RNA  synthesis in  the cytoplasm from labeled  pre-
cursors  carried  with  the  implanted  nucleus.
The  radioautographic  experiments  of Goldstein
(1963)  demonstrated  this  point  in  still  another
way.  It was shown that if two cells have equivalent
pools  of labeled  RNA  precursors  but one  cell has
a nucleus  with  labeled  RNA while  the  other cell
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labeled nucleus  becomes at least  twice  as radioac-
tive  as  the  cell  with  the  nucleus  containing  un-
labeled  RNA.  Since  the  size  of the  nuclear  pool
(which was  shown  to be qualitatively  identical  to
the  cytoplasmic  pool)  is  only  2 % of  that  of  the
cytoplasm,  it  is  clear  that  the  nuclear  pool  of
precursors  is  not large  enough  to  account  for  the
twofold  difference  in  cytoplasmic  radioactivity
that was actually  observed.
Origin of Ribosomal Protein
Evidence that ribosomal protein may  not origi-
nate  in  the  nucleus  comes  from  the  finding  that
the nuclear  pool  of ribosomal  proteins  and  ribo-
somal protein  precursors  is small  compared to  the
nuclear  pool  of precursor  ribosomal  RNA.  The
basic observation  was  that,  while  implantation  of
RNA-labeled  nuclei  led  to  the  appearance  of
labeled  cytoplasmic  ribosomes  in the  host,  trans-
plantation  of nuclei with  labeled protein does  not
result in the appearance  of radioactive cytoplasmic
ribosomes. Our analyses showed that this apparent
absence  of ribosomes labeled with protein actually
reflected  an absence of radioactive proteins and not
merely  a  relatively  low  specific  activity  of  these
proteins. This means that the amount of precursors
to  cytoplasmic  ribosomal protein in  the  nucleus  is
small,  although  as  discussed  earlier,  its exact  size
could not be determined.
Since  the  nuclear  pool  of ribosomal  protein  is
quite  small,  the  data  can  most  reasonably  be
interpreted  as  reflecting  one  of  three  possible
mechanisms:  (1)  Ribosomal  protein  is synthesized
in  the  cytoplasm  and  enters  the  small  pool  of
ribosomal precursor particles in the nucleus shortly
before  these  particles  enter  the  cytoplasm  to
become  mature  ribosomes;  (2)  Both the  synthesis
of the protein and the assembly  into ribosomes are
cytoplasmic,  the  assembly  occurring  immediately
after the emergence  of the RNA from the nucleus;
(3)  Ribosomal  protein  is  synthesized  and  the
ribosomes  are  assembled  in  the  nucleus,  but  the
pool  of preformed  protein,  or precursors  to  it,  is
very small. In both the first and third mechanisms,
the  supply  of ribosomal  protein  could  easily  be a
limiting factor in ribosome assembly  and transport
to the cytoplasm.  Warner and Soeiro (1967)  found
particles resembling nascent ribosomes in the HeLa
cell  nucleus,  which  suggests  that mechanism  2  is
unlikely-at least for HeLa cells.
With  regard  to  the  site  of  ribosomal  protein
synthesis,  the finding  by  Penman  (1966)  and  Gall
(1966)  that  purified  HeLa  cell  nuclei  and  sala-
mander  oocyte  nuclei do  not  have  18S  ribosomal
RNA,  and  thus no intact  ribosomes,  implies  that
if these  nuclei  synthesize  protein,  the  mechanism
for its synthesis  is different from that usually found
to  be  associated  with  cytoplasmic  ribosomes.
However,  purified  rat  liver  nuclei  have  been
reported  to  contain  ribosomes  and  other  compo-
nents needed for protein synthesis  (McCarty et al.,
1966;  Sadowski  and  Howden,  1968),  and  so  the
presence  or  absence  of  ribosomes  (and  accom-
panying  protein-synthesizing  machinery)  in  the
nucleus  may  depend  on  the  cell  type.  As  men-
tioned  above,  however,  the  nuclei  from  amebae
appear  to  resemble,  in  this  respect,  HeLa  cell
nuclei  and  amphibian  oocyte  nuclei  more  than
rat liver  nuclei.  While  there  have  been  a number
of reports  of in vitro protein  synthesis  by  isolated
nuclei  (see  e.g.  Allfrey  et  al.,  1964)  and  by  iso-
lated  nucleoli  (Birnstiel  and Hyde,  1963; Maggio,
1966),  synthesis  of ribosomal protein has  not been
demonstrated  in these  systems. On the other hand,
in  vivo  experiments,  which  have  yet  to  provide
good evidence  on the question of protein synthesis
in  the  nucleus,  do  provide  some  support  for  the
conclusion  that  at least some  nuclear  proteins  are
synthesized  in  the  cytoplasm  (see  Byers  et  al.,
1963;  Bloch  and  Brack,  1964;  Robbins  and
Borun,  1967;  and Zetterberg,  1966).
Thus,  we  feel  that our  results  are  best  inter-
preted  as  indicating  that  ribosomal  proteins  are
synthesized  in  the  cytoplasm  and  combine  with
ribosomal RNA subunits  as the latter are emerging
into  the  cytoplasm,  although  a very  rapid  entry
into  and  egress  out  of  the  nucleus  of  ribosomal
proteins  synthesized  in  the  cytoplasm  or  the
existence of a very small intranuclear pool of ribo-
somal  protein  precursors  synthesized  in  the  nu-
cleus  is not excluded.  We have given, in any event,
some  indication  of the  upper limits  of the  size  of
the nuclear  ribosomal  protein  and precursor  pool
in  relation  to  the  size  of  the  nuclear  ribosomal
RNA  and precursor pool.
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